Abstract: Effects that growth hormone (GH) may exert on brain function have received attention among many researchers over the past two decades. In patients with impaired pituitary production of this hormone replacement therapies have been demonstrated not only to compensate for GH effects in peripheral organs but also to improve several behaviors related to the brain. For instance, available data suggests that subjects treated with GH have experienced significant improvements in concentration, memory, depression, anxiety and fatigue. Also, pituitary-ectomized male rats showing decreased ability in tasks related to learning and memory are seen to improve their performance in these items following GH replacement. The mechanism underlying these beneficial effects of GH has been the subject of studies in many laboratories. An important aspect in this regard is the discovery of specific receptors in various brain regions related to the functional anatomy of several behaviors affected by the hormone. The aim with this article is to review current knowledge on GH receptors in the brain and discuss possible mechanism for the action of the hormone in its ability to affects brain function.
INTRODUCTION
Since its identification and isolation from pituitary glands growth hormone (GH) have been one of the most extensively studied biological compounds both in the area of basic and clinical science. Pioneer researchers in this regard are Herbert MacLean Evans and Choh Hao Li who have identified, isolated and examined the hormone in various species. The observation that GH may exert effects on the brain comes from physiological studies in experimental animals indicating that the hormone may affect the levels of biogenic amines like noradrenaline, dopamine and serotonin in the hypothalamus [1] . It was later shown that that rat GH may inhibit its own secretion partly via reduction of dopamine and noradrenaline synthesis and release in the hypothalamic median eminence suggested to induce a reduced secretion of GH releasing factors [2] . These discoveries combined with observations, made in humans subjected to GH replacement therapy, indicating that the hormone may influence a variety of CNS functions in GH deficient (GHD) patients encourage the search for specific GH targets in the brain. In this line of research it became evident that GH may be produced in extra-pituitary areas of the brain [3] .
Furthermore, GH and its mediator insulin-like growth factor I (IGF-I) are expressed in specific regions of the central nervous system (CNS) during early human *Address correspondence to this author at the Department of Pharmaceutical Biosciences, Division of Biological Research on Drug Dependence, Uppsala University, P.O. Box 591, SE-751 24 UPPSALA, Sweden; Tel: +46-18-471-4141; E-mail: Mathias.Hallberg@farmbio.uu.se development [4] . These regions include the hippocampus, pituitary and hypothalamus. It is thus reasonable to believe that the somatotrophic axis (GH/IGF-1) may influence several aspects of behaviors, including cognition, emotion and perception as well as other adjustments that occur from childhood to adulthood. In a study demonstrating that GH is endogenously produced in the adult hippocampal formation it was shown that the secretion of the hormone was regulated by age, estrogen, and exposure to stress [3] . It was further suggested that GH may be involved in processes associated to the hippocampal function, such as learning and the response to stressful experience. A particular aspect in relation to this is the discovery of specific receptors for GH in the human as well as in the rat hippocampus [5] [6] [7] [8] [9] .
The presence of GH receptors in the CNS have been confirmed by binding studies as well as molecular cloning (for review see [7, 10] ). High densities of GH binding are detected in the choroid plexus, hypothalamus, pituitary and hippocampus [5, 6] and the expression of GHR gene transcripts follow the distribution of the hormone binding. The abundant expression of GH receptors within the hippocampal and perihippocampal areas has received attention since these structures are primarily involved in declarative memory for facts and events [4] . GHR is also seen to be located in brain regions, e.g. the putamen [5] , known for their role in the processing of social perceptions. CNS receptors for IGF-I have been detected in the many areas overlapping those for GH, e.g. amygdala and prefrontal cortex, which are regions with high impacton neural circuits involved in social behavior. Attempts to find relevant approaches for evaluating emotional, social and behavioral adjustment among individuals with deficiencies in the GH/IGF-I axis search for instrumentations for objective assessment of their social-cognitive competence [4] . In experimental animals, behavioral tests have been used to assess the impact of the somatotrophic axis on social function and cognitive deficiencies by probing the expression of GHR in both hippocampus and prefrontal cortex [73] .
It thus seems that the GH/IGF-I axis may have a distinct role in cognitive function. This hypothesis is supported by many observations made at various clinics but also in many basic research laboratories. As described in other chapters of this volume the two hormones have been extensively studied both in clinics and basic research laboratories regarding their involvement in learning and memory. Clinical work has confirmed that GHD patients display cognitive disabilities [11, 12] and experimental animal with impaired GH/IGF-I axis exhibit a deteriorated performance in memory tests [13] . The exact mechanism by which the GH/IGF1 axis influences the cognitive functions is still not clarified. However, studies in experimental rat have revealed a link between the hippocampal expression of GHR and the NMDA receptor complex suggesting a possible GH effect on long term potentiation (LTP) [8, 13] . A further step in the evaluation of this mechanism will certainly involve studies on the function of GH and GHR in the CNS. However, it is also important to consider that central effects of exogenous GH mediated through GHRs in the brain require an ability of the hormone to cross the blood-brain barrier (BBB). Therefore, this article starts to discuss evidence that the hormone may penetrate the BBB before it reaches its responsive areas in the CNS.
EVIDENCE THAT GH MAY CROSS THE BLOOD-BRAIN BARRIER
Human GH is represented by a single polypeptide chain of 191 amino acids corresponding to a molecular weight of approximately 22 kdalton. Such molecular size should hardly allow the hormone to penetrate the BBB but still there are several lines of evidence that support the speculation that it may cross the barrier. First, a number of studies carried out at separate clinics have shown that in patients subjected to GH replacement therapy significant effects of the hormone on the mental health can be seen. These effects include improved cognition, increased motivation and increased wellbeing. In adolescents with childhood onset of GHD improved perception and attention have been seen following GH therapy [14] . A second evidence is that GH has been demonstrated to affect the cerebrospinal fluid (CSF) levels of various neuropeptides, amino acids and monoamine metabolites [15] [16] [17] . Furthermore, studies have indicated that the hormone can be recovered from CSF following peripheral administration [18] . Interestingly, Burman and coworkers reported a positive correlation between the dose of exogenous GH and the levels of the hormone recorded in the CSF [19] . It is also noteworthy that the level of both the GH mediator IGF-1 and its binding protein IGFB3 were seen to increase in CSF following GH replacement [16] .
As mentioned above, all beneficial effects on mental function seen for GH during replacement therapy suggest that the hormone may find its way from the circulatory system into the CNS [20] [21] [22] . Regarding the potential mechanisms for GH to be transported across the BBB several routes have been suggested. For instance, GH can reach its responsive sites in the brain by circumventing the BBB through the median eminence of the hypothalamus. The median eminence is known to serve as a circumventricular organ that permits hypothalamic polypeptides to leave the brain without disrupting the BBB. It also allows hormone compounds that do not cross the BBB to interact with brain circuits [23] . Moreover, in conformity with prolactin [24] , GH has been suggested to reach the brain via choroid plexus and CSF through a receptor-mediated mechanism [18, 25] . The choroid plexus is a vascularized tissue with high density of both prolactin and GH binding sites [7, 26] . GH may also actively or passively cross the brain parenchyma capillaries through the BBB [10, 27] . A recent study suggests that the hormone may significantly diffuse into the CNS [28] .
DISTRIBUTION OF GH RECEPTORS IN THE CNS
The first observation that GH may bind to specific sites in the brain comes from studies focused on lactogenic sites in the rat choroid plexus [29] . This study was followed up by others and in 1991 specific sites for the hormone in human choroid plexus were identified and characterized [25] . This work was followed by studies screening the distribution of GH binding in the rat brain applying autoradiography [30, 31] and classical receptor binding [6] . All these binding techniques revealed that GHR are widely distributed within several areas of both the rat and human brain. Moreover, these studies also revealed sex differences in GH binding both in rat [6, 30] as well as in human [5] . However, it appeared that these sex differences mainly referred to lactogenic binding sites as human GH (hGH) also has affinity for lactogenic receptors. In the presence of excessive unlabelled prolactin the sex difference seen in hGH binding was abolished [5, 26] . Regarding GH binding the highest density was found in choroid plexus. High levels of GH binding sites were also detected in the hippocampus, hypothalamus, thalamus, putamen and the pituitary [5] [6] [7] 10] . Applying in situ hybridization it was found that the GH receptor gene transcript was detected in similar areas [32, 33] . It was further reported that somatostatin neurons in the periventricular nucleus and in the paraventricular nucleus of the hypothalamus expressed the GH receptor gene transcript. From this observation the authors concluded that GH may act directly on the brain and through a direct action on somatostatin neurons in the hypothalamus i.e., the hormone may participate in the regulation of its own secretion [33] . An additional study showed that the majority of neuropeptide Y (NPY) mRNA-containing cells in the hypothalamic arcuate nucleus expressed the GHR gene transcript, whereas NPY neurons in the dorsomedial hypothalamus did not express the GHR message and this data was considered to confirm that NPY neurons in the arcuate nucleus mediate the feedback effect of GH on the hypothalamus [34] .
By using in situ hybridization histochemistry the distribution of the GHR gene transcript was examined in the rat brain and spinal cord. Results from these studies indicated that dense labeling of the hormone receptor could be seen in the arcuate nucleus of the hypothalamus, as reported previously, but also in several other brain areas, including the locus coeruleus, the area postrema, and the commissural part of the nucleus of the solitary tract [35] . Other structures that could labeled with the GHR probe included the superior lateral parabrachial nucleus, the facial, hypoglossal and trigeminal motor nuclei, the nucleus incertus, the dorsal tegmental nucleus, the dorsal raphe nucleus, the nucleus of the trapezoid body, and the superficial layers of the dorsal horn of the spinal cord. All these findings were considered to be indicative of a direct action of GH on brain regions involved in various aspects of homeostatic control [35] . For instance, the distribution of the GHR message to visceral sensory and motor structures is compatible with a regulatory role of GH in food intake and energy homeostasis. The presence of GHR in the superficial dorsal horn of the spinal cord suggests a role of the hormone in the processing of fine afferent input, and may to some extent explain the beneficial effects seen following GH replacement in certain chronic pain disorders [36, 37] .
STRUCTURE AND CHEMISTRY OF GH RECEPTORS IN THE BRAIN
Previous studies have demonstrated that the specific binding sites identified for GH in the various brain regions represent receptor proteins for the hormone [5, 7, 10] . In human brain tissues the molecular sizes of the GH receptor proteins in the various brain regions appeared to differ with regard to binding constants and to the estimated molecular size of the hormone-binding units [5, 25] . For instance, applying cross-linked SDS gel electrophoresis it was found that the GH binding units in hippocampus and the choroid plexus were found to represent proteins with a molecular weight exceeding those identified in the hypothalamus and in the pituitary [5] . Also, when compared the molecular size of the receptor proteins present in the brain with that of the GH receptor in the peripheral liver it was found that the molecular size of the gene transcript predicted from the liver DNA sequence of the hormone was at least two times lower. In the rat a similar situation was observed [6] .
Regarding the expression of the gene transcripts of the GHR their structures have been studied and both in the human and the rat they were reported to have great similarities with the corresponding liver entity [7, 13] . In the rat the entire nucleotide sequence of GHR gene in choroid plexus and spinal cord were 100% identical with that in the liver [9, 13] . Also the partially sequenced genes in the hippocampus and hypothalamus were in full agreement with the corresponding parts in the liver receptor gene [38] .
Brain regions with high levelsof GHR mRNA-containing cells include the hypothalamus, the thalamus septal region, hippocampus, dentate gyrus and amygdala [33] . A 4.4-kb GHR transcript was found identified in an ovine choroid plexus cell line [39] . In addition, the cloning of a gene encoding the extracellular domain of the GHR in the human choroid plexus has been described [7] . The amino acid sequence predicted from this part of the choroid plexus GHR was reported to be homologous to that of the hormone receptor of the human liver [40] . Furthermore, regarding sex and the expression of the GHR message in the human choroid plexus no difference was observed [7] . The expression of GHR in human brain tissues, both normal and tumoral, as well as in the human glioblastoma cell line U87MG has also been reported [41] . The nucleotide sequence of the GHR gene transcripts identified in the rat hippocampus and spinal cord has been reported [9] , as well as those found in the rat choroid plexus and hypothalamus [38] .
FUNCTIONAL ASPECTS
The physiological relevance of the GH receptors identified in the brain has been the subject for many studies during the past decades. From this research it has become evident that most receptor targets for GH in the brain seem to be involved in a number of CNS-related behaviors attributed to the hormone. These behaviors include the GH effects on sleep, appetite, cognitive and memory processes as well as neuroprotective effects but also effects on pain processing pathways [7] . Most of these effects of the hormone have been confirmed by studies carried out in vitro, using various types of cells, and by studies in vivo, with a variety of experimental animal models, as well as clinical studies in humans [17, [42] [43] [44] [45] [46] . Also, in this context it is essential to consider the well-known age-related reduction in the expression and activity of the GH/IGF-1 axis [10, 47] . This decline seen during the aging process is connected with losses in many functions related to the action of the somatotrophic axis in the whole body but also in the brain [47] [48] [49] [50] [51] .
Brain GH and Aging
Indeed, the hypofunction seen in the GH/IGF-1 axis during aging represents a most important example of age-related changes that occur in man. Regarding brain functions this decline in the somatotrophic axis contributes a number of alterations in psychological capabilities seen during aging. Many of these inabilities are included in the spectrum of potential deductions associated with GHD in elderly as well as in adolescents and young adults. The most pronounced disabilities linked to a waning release of GH and a subsequent decrease in circulating IGF-1 are decreased energy and motivation, decreased motor abilities, impaired cognitive function, sleep deprivation and decreased mood and well-being, i.e. an overall impairment in quality of life [47] . The decline in GH secretion that occurs with increasing age is generally mirrored by a concomitant decrease in plasma levels of IGF-1, the best marker of GH status. Studies have also shown that the decline in the pituitary secretion of GH in human is accompanied by a concurrent decline in the expression levels of the GHR gene transcript [7] as well as in the density of the GHR protein in the brain [5, 25] .
GH and Appetite
Previous studies have indicated that GH has an appetitestimulating effect. It is well documented that patients with GHD increase their food intake during GH replacement therapies. Furthermore, studies using transgenic mice with GH overexpressed in the CNS have demonstrated that it is possible to differentiate the effect of the hormone on body fat mass from that on appetite [47] . It was thus shown that GH overexpression in the CNS causes hyperphagia-induced obesity in parallel with a central stimulatory effect on appetite and lipolysis. In addition, it was also demonstrated that the GH releasing peptide ghrelin increases food intake [52] . However, it was also shown that the acute effect of ghrelin in this regard is dependent upon a functionally intact GHR signaling [53] . The neuropeptide Y (NPY) is a wellknown for its role in regulation of appetite, and several studies on food intake have confirmed a link between NPY and GH [54, 55] . Also, it was earlier found that in the rat hypothalamic arcuate nucleus a GH secretagogue receptor and NPY are co-localized [56] and studies showing that the GHR gene transcript is expressed in visceral sensory and motor structures in the rat brain suggest a role of GH in the regulation of food intake and energy homeostasis [35] .
GH in Cognition and Memory Function
During the past decade a potential role of GH and IGF-1 in memory acquisition and cognitive functions has been confirmed in many laboratories. Replacement therapy with GH in adult GHD patients has indicated that both GH and IGF-1 may enhance both long-term and working memory [11, 20, 43, 57] . GH replacement during six months in GHD patients was seen to improve both the long-term memory and the working memory [43] . As visualized by functional magnetic resonance imaging this memory improvement was concomitant with a decreased activation in the ventrolateral prefrontal cortex in the brain. However, in spite of all studies indicating beneficial effects of GH on impaired cognitive functions seen in patients with GHD, there are no convincing studies that imply that the hormone would improve cognitive disabilities in elderly healthy non-GHD individuals [58] .
Regarding the mechanism underlying the beneficial effects of GH on cognitive functions it is believed that that the hormone induces these effects, at least partly, through its mediator IGF-1. This growth factor is shown to penetrate the BBB and reach its responsive sites in the CNS [59] . Thus, both GH and IGF-1 may cross the BBB and interact with specific receptors for this hormone in the CNS [28] . As mentioned above, several brain areas, including hippocampus, contain high concentrations of GHR receptors [7, 10] . In addition, following peripheral administration of GH in rats, the expression of the GHR message is altered in a mode that is compatible with a stimulatory effect on the GHR [8] . Behavioral studies using experimental animals have demonstrated that chronic treatment with GH and IGF-1 significantly improves learning and memory in aged rats with impaired GH production [13] . Regarding the mechanism underlying the GH-induced improvements in cognition it is suggested that the hormone GH may exert this beneficial effect by increasing neurogenesis, vascular density and glucose utilization [42] . At the molecular level it is believed that GH may alter the composition of the NMDA receptor subunits in brain areas implicated in learning and memory [8, 13, 45, 60] . Using experimental rats, it was shown that GH may influence the NMDA receptor subunits in a mode that is in consonance with improved memory and cognitive capabilities. More recently, a similar effect was demonstrated for IGF-1 [61] . In both in vivo and in vitro studies it have been demonstrated that GH may increase regeneration and prevent apoptosis in hipppocampal cells [42, 62] .
GH and Neuroprotection
Evidence that both GH and IGF-1 may induce neuroprotective effects is well documented in the literature. A number of articles have reviewed this topic and it seems that a growing body of evidence suggests that the somatotrophic axis is integrally involved in the growth and development of the normal CNS but also in the repair of trauma to the brain and spinal cord [63] [64] [65] . Several of the neuroprotective effects seen for GH and IGF-1 emerged from their effects on adult cell genesis [42, 48, 66] . For instance, IGF-1 was demonstrated to promote oligodendrocyte recruitment and increase newborn cells with the endothelial phenotype in the hippocampus. This IGF-1-induced effects on the endothelial cell phenotype may explain the observed enhancement in the cerebral arteriole density following administration of GH [66] . These observations stresses the ability of IGF-1 to act as a regenerative agent in the CNS. On the other hand GH, which is less studied in this context, is also suggested to exert similar effects, probably through its ability to release IGF-1.
It has been demonstrated [67] that brain injury in experimental rats may induce the IGF-1 gene transcript within reactive microglia, and that the translation product, the IGF-1 protein, may have a dual role. First, the growth factor may act directly on the stressed cells as a neurotrophic and an antiapoptotic agent. In a second phase, IGF-1 may act as a prohormone for the generation of two active peptides, the tripeptide Gly-Pro-Glu, released from the N-terminal of IGF-1, and the remaining sequence of IGF-1, the des-N-(1-3) IGF-1. Both these IGF-1 fragments were seen to possess specific neuroprotective properties [67] . This study also revealed that injections GH into the CNS at 2 h subsequent to a hypoxic-ischemic brain injury in juvenile rats gave rise to a significant neuroprotection, which seemed to be different from the neuroprotective effect induced by IGF-1 [67] . It was also demonstrated that some of the neuroprotective effects of GH are mediated directly through the GHR without any involvement of IGF-1 [67] . In a more recent study it was suggested that smaller peptide fragments, derived from IGF-1, could have advantages over growth factors in the treatment of brain injury. These fragments could be modified and designed with suitable properties to overcome many of the limitations associated with the native endogenous peptides regarding their potential role as medical drugs [68] .
Studies on GH and IGF-1 have shown that both these compounds may reduce the outcome of spinal cord trauma in the rat. For instance, topical application of both hormones was shown to reduce the trauma-induced edema formation and cell damages [69, 70] . Further studies indicated that GH may improve spinal cord conduction and attenuate edema formation and cell injury in the spinal cord provided additional support for a beneficial role of the hormone in injuries to the cord [8, 71] . In rats exposed to chronic sustained hypoxia injection of GH increased the hippocampal expression of the IGF-1 gene transcript, reduced the hypoxia-induced hippocampal injury and attenuated hypoxia-induced cognitive deficits [72] . The investigators behind this study concluded that exogenous GH may provide a viable therapeutic intervention to protect hypoxia-vulnerable brain regions from neuronal damage and subsequent deficits in neuro cognitive function. Moreover, injury to the brain and spinal cord in human subjects is shown to decline the circulatory levels of both GH and IGF-1 (for a review, see for example [7] ). As both GH and IGF-1 are seen to exhibit a wide array of neuroprotective activities, as evidenced in both in vitro studies using various cell systems and in in vivo studies using experimental animal models, it is inviting to speculate upon a possible potential therapeutic utility of both hormones in this context. A study using murine hippcampal cells has shown that GH may counteract opioid-induced cell damage and apoptosis [62] and in a very recent study it has been indicated that the hormone may reverse opioid-induced cognitive impairments also in human (unpublished) emphasizing the importance of the somatotrophic axis in therapeutic strategies for the treatment of various types of drug-induced damages to the brain.
CONCLUSION
This article summarizes some recent aspects on the characteristics of GH receptors in the brain. It also emphasize the potential of these receptors as therapeutic targets for the treatment of CNS disorders related to deficits in the GH/IGF-1 axis. In particular it highlights the possibility to use the hormone for the improvement of cognitive functions in patients suffering from impaired production of GH or from disabilities related to other dysfunctions in the somatotrophic axis. An interesting possibility arises from the observation that the hormone may stimulate regeneration of nerve cells, which open for new therapeutic strategies regarding a variety of disorders resulting from CNS trauma or from brain damages induced by abusing drugs.
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